In this article, a robust color-edge feature extraction method based on the Quaternion Hardy filter is proposed. The Quaternion Hardy filter is an emerging edge detection theory. It is along with the Poisson and conjugate Poisson smoothing kernels to handle various types of noise. Combining with the Quaternion Hardy filter, Jin's color gradient operator and Hough transform, the color-edge feature detection algorithm is proposed and applied to the lane marking detection. Experiments are presented to demonstrate the validity of the proposed algorithm. The results are accurate and robust with respect to the complex environment lane markings.
Introduction
A great deal of research has recently been conducted on intelligent vehicle systems in color image processing [1, 2, 3] . It consists of road lane detection, pedestrian avoidance, and obstacle detection. Among them, road lane detection is regarded as the most indispensable. The edge detector is considered to be the basic module for road lane detection. In order to derive a robust and discriminative performance on lane marking, challenging scenarios such as shadows caused by illumination or weather changes are necessary. In 2014, Wu et al [4] introduced the lane-mark detector which is combining with Kalman filter and multi-adaptive thresholds method. Later on, Li et al [5] in 2016 proposed the lane-mark detector based on Canny filter and Hough transform to extract lane boundaries or markings in complex scenarios. In order to provide robust and discriminative performance on lane marking, edge detectors which can handle various type of noises are necessary. Quaternion Hardy function [6] and Quaternion analytic signal [6] consist of Poisson and conjugate Poisson kernels. In 2016, Hu et al analyzed the Quaternion Hardy function [6] and Quaternion analytic signal [6] for edge detection problem. It was proved that these edge detectors has significant properties associated with Quaternion Fourier transform. They can handle various types of noises and may be favorable for lane markings in complex scenarios.
Quaternion analysis recently draws wide attention in color image processing [6, 7, 8, 9, 10] . The recently developed concepts of quaternion Fourier transform [11, 12, 13, 14, 15] , quaternion representation [8] and quaternion analytic signal [6, 7, 16] , which are based on quaternion algebra, have been found to be an indispensable tool in the representation of the multidimensional signal. In earlier 1992, Ell [17] studied the two-sided quaternion Fourier transform and apply it to the color image analysis. In [18] , Pei et al. gave a detailed interpretation of the quaternion Fourier transform. In [11, 12, 13] , Hitzer proposed the generalized quaternion Fourier transform by follow-up the works of Ell, Sanguine, and Ernst. As the generalization of the quaternion Fourier transform, quaternion linear canonical transform was firstly studied in Kou er al. [9] . In 2017, Kou er al. [7] studied the properties of quaternion linear canonical transform and applied it to envelop detection. In [14] , Dong et al. give the Plancherel and inversion theorems of quaternion Fourier transform in the square-integrable signals space. In 2016, Zou er al. [8] proposed two quaternion representation-based classification algorithms and applied them to color face recognition. Quaternion representation processes the color image in a holistic way and the structural information between color channels is preserved. Obviously, the experiments show the superiority of the proposed algorithm for color reconstruction and face recognition. In 2017, the quaternion analytic signal are studied and applied to edge detection [6] .
The goal of this study is introducing a novel lane-mark extraction algorithm which can handle complex scenarios. Firstly, edge enhancement based on Quaternion Hardy filter [16] was used to enhance the pre-processing lane image's edges. Then, the edges were detected by Jin's color detector [19] which is based on Di Zenzo's multichannel image gradient operator and combined with the straight lines which were detected by Hough transform [20] . Moreover, an inside lane line extraction algorithm was proposed on the basis of slope constraint. Finally, the aim of marking the inside lane was realized. An overview flowchart of the proposed lane-mark extraction algorithm is shown in Fig. 1 . By experimenting with Canny lane markers, the proposed algorithm can realize the detection. Moreover, the approach can overcome the influence of uneven light and be able to eliminate the interference from the side lane line and the falling leaf, etc. Lane line detection is conducive to the vehicle running on its road. The contributions of this paper are summarized as follows.
• A novel lane detector associated with Quaternion Hardy filter for color-edge road lane extraction is proposed and analyzed. Firstly, input the color road image, then edge enhancement based on Quaternion Hardy filter was applied to obtain the "smooth" lane image's edges. Second, the edges were recorded by Jin's color gradient detector. Finally, combine with the straight lines obtained by Hough transform.
• We conduct some experiments on various road lane-mark recognition problems. By comparing with Canny lane markers, the performance of the proposed algorithm is accurate and robust with respect to the complex environment lane markings.
The rest of this paper is organized as follows. Section 2 introduces some preliminaries of the quaternions, quaternion Fourier transform, quaternion Hardy space. The definitions of quaternion analytic signal and quaternion Hardy filter are recalled in Section 3. Section 4 presents the proposed lane line detector. Finally, concluding remarks are drawn in Section 6.
Preliminaries
In order to mention the proposed method, some basic knowledge about quaternion algebra quaternion Fourier transform and quaternion Hardy space are reviewed as follows [9, 14, 17] .
Let H denote the Hamiltonian skew field of quaternion
which is an associative anti-commutative four-dimensional algebra. A quaternion-valued function f :
where f n : R 2 → R(n = 0, 1, 2, 3).
Let f ∈ L 1 (R 2 , H) . Then the quaternion Fourier transform [14] of f is defined by
where w l (l = 1, 2) denote the 2D angular frequencies. Furthermore, if f is an integrable H-valued function defined on R 2 , the inverse quaternion Fourier transform (IQFT) [14] of f is defined by
Let C + := {z|z = x + si, x, x ∈ R, s > 0}, namely upper half complex plane and H 2 (C + ) be the Hardy space on the upper half complex plane. Let
consists of all functions h satisfying [15] ,
where ∂ ∂z 1 := ∂ ∂x 1 + i ∂ ∂s 1 , ∂ ∂z 2 := ∂ ∂x 2 + j ∂ ∂s 2 .
Quaternion Hardy filter
The analytic signal [21] of a given real signal f is defined by
where H[f ] denotes the Hilbert transform [22] of f . By a direct computation, the Fourier transform of f a is given by f a (w) = (1 + sgn(w)) f (w), w ∈ R.
The analytic signal of f can be regarded as the output signal of a filter with input f . The system function of this filter is given by H 1 (w) := 1 + sgn(w).
Motivated by the success of analytic signal in the real signal processing, we try to use the alternative tool in the 2D signal processing.
Give a 2D quaternion-valued signal f . The quaternion analytic signal [23] f q is defined by
where H x 1 , H x 2 are the partial Hilbert transforms with respect to x 1 , x 2 respectively, while H x 1 x 2 the 2D Hilbert transform. By a direct computation [7] , the quaternion Fourier transform of f q is written as
The quaternion analytic signal of f can be regarded as the output signal of a filter with input f . The system function of this filter is given by
By the inverse quaternion Fourier transform on the both side of (10), we obtain
In this paper, we apply quaternion Hardy filter as a lane detector of color image. The system function of quaternion Hardy filter is defined by
Based on the above analysis, we have the following theorem. 
Where H 3 is given by (13) . Then f Q ∈ Q 2 (C + ij ).
The proof of Theorem 3.1 can be found in [16] . It states that the output signal of the quaternion Hardy filter belongs to the quaternion Hardy space Q 2 (C + ij ).
Remark 3.2
• When s 1 = s 2 = 0 in Theorem 3.1, the system function H 3 (x 1 , x 2 , 0, 0) reduces to H 2 (w 1 , w 2 ), and the signal f Q (x 1 , x 2 , 0, 0) reduces to f q (x 1 , x 2 ) which is defined by equation (12). 
The proposed lane detection algorithm
Let us now consider the details of the proposed algorithm. They are divided by the following steps.
Step 1. Input the road image f (x 1 , x 2 ). By quaternion representation, it can be written as
where f R , f G and f B represent the red, green and blue components of color image f , respectively.
Step 2. Compute the discrete quaternion Fourier transform (DQFT) [24] ,
Step 3. For the fixed positive s 1 and s 2 , calculate H 3 by Eq. (13), we have Step 4. Multiplying F D [f ] with H 3 , from Step 2 and 3, respectively. By Theorem 3.1, we have
Step 5. Compute the inverse DQFT of F D [f Q ], from
Step 4,
We obtain f Q .
Step 6. Extract the vector part of f Q , we obtain
where h k , k = 1, 2, 3 are real-valued functions.
Step 7. Applying the Jin's gradient operator [19] to Vec(f Q ).
Step 8. Furthermore, perform the Hough operator [20] .
Step 9. Finally, we obtain the processed result, lane edge map.
Experiment
For any fixed scales s 1 > 0, s 2 > 0, the factor e −|w 1 |s 1 e −|w 2 |s 2 act as a high-frequency suppressor. In the choice of scales, we set (s 1 , s 2 ) = (3, 10), (s 1 , s 2 ) = (3, 20) and (s 1 , s 2 ) = (3, 30), refer to Fig. 2 . More detail information is appeared in the experiment when s 2 is 10. For the lane-mark detection, we only focus on the lane lines, other information can be neglect. Therefore, we select (s 1 , s 2 ) = (3, 20) , this demonstrates that the proposed algorithm gives robust performance compared to Canny detection algorithm, refer to the fourth row of Fig. 2 .
Conclusion
In this paper, we proposed an effective algorithm which combines quaternion Hardy filter with the Jin's gradient operator and Hough transform for color image lane detection. Integrating quaternion Hardy filter, color-edge map and Hough transform, the proposed method possesses both their superiorities.
Experiments are presented to demonstrate the validity of the proposed method. The results were accurate and robust with respect to the complex environment lane markings. 
